Overexpression of a mercuric ion binding protein, MerP, from the mercury resistance operon genes of Gram-positive bacterial strain Bacillus megaterium MB1 and from Gram-negative bacterial strain Pseudomonas aeruginosa K-62 was found to enhance the mercury resistance level of Escherichia coli host cells, even though they share only 27.3% identity. Immunoblot analysis showed that MerP (BMerP) from Bacillus could be expressed on the membrane fraction of E. coli cells. Treated with 10 M Hg 2þ , a recombinant strain harboring the BMerP gene significantly improved, showing a 27% increase in mercuric ion adsorption capacity, 16% better than that of a Pseudomonas merP gene (PMerP)-harboring strain. While multiple heavy metals co-existed, the mercuric ion adsorption capacity of the BMerP-harboring E. coli was not affected while that of the PMerP-harboring strain decreased. These results suggest that BMerP can act as a bio-adsorbent compartmentalizing the toxic mercuric ion on the cell membrane and enhancing resistance.
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Key words: MerP; mercury; bioremediation Heavy metals and their complexes exhibit toxicity to biological systems but show extended utility in industry. The diverse uses of heavy metals in industry lead to their wide distribution in soil, silt, waste, and wastewater, and potentially cause serious damage to public health. Unlike many other pollutants that can be biologically degraded, heavy metals tend to accumulate through food chain ecosystems, and the world famous Minamata disease is a typical disaster caused by a bioaccumulation of mercury. 1) Hence, removal of biohazardous forms at low levels of contamination is a major goal in efforts to control poisoning problems. Though passive adsorption and immobilization treatments have been used to eliminate mercury contamination from polluted wastewater, removal efficiency at lower contamination levels and metal selectivity are still unsatisfactory by those physiochemical removal processes. For these reasons, molecular biotechnology based bioremediation technology is considered to be a promising alternative method.
Some species of animals, plants, bacteria, and fungi are known to accumulate certain metals, including essential elements, toxic heavy metals, and even noble metals. 2) In most cases, these metal-tolerant organisms depend on the development of specialized metal-binding proteins or peptides to protect their metabolic activities, and these specialized molecules offer a great resource in the effort to promote heavy metal resistance and metalaccumulation ability in a proper host. Proteins with the capacity for heavy metal binding, such as metallothioneins 3) and phytochelatins, 4) have been explored and genetically engineered into bacteria and plants.
2) Several metal-binding peptides have been exploited with the aim of increasing resistance or bioaccumulation by E. coli cells, 5) and many such cases indicate that maximal bioaccumulation of metals occurs in expressing metal binding proteins outside the cytosol. [5] [6] [7] But exploitation of novel metal binding proteins and peptides is still needed to achieve higher affinity, higher binding capacity, specificity, and selectivity for a target metal.
Bacterial mercury resistance is one of the most thoroughly investigated heavy metal resistance systems. 8, 9) Compared to those P-type ATPases resistance systems that just pump out toxic heavy metal ions, the mercury resistance system of bacteria is delicate because the toxic mercury ion is treated carefully, like an essential element. 10) In the studies of Gram-negative bacteria, MerP protein is a remarkably specialized y To whom correspondence should be addressed. Tel: +886-4-2284-0416 ext. 405; Fax: +886-4-2287-4740; E-mail: cchuang@dragon.nchu.edu.tw metal-binding protein responsible for recognition that leads the mercury ion through the periplasmic space.
11)
Current evidence suggests that MerP is dispensable for transport and might function as a sponge to compartmentalize toxic mercuric ions from other components of the periplasmic space. [12] [13] [14] [15] The compact MerP protein, with a metal binding loop conserved in metalloproteins, is a model of metal-polypeptide recognition. 16, 17) Based on gene comparson of the mer operon originating from the Gram positive bacterium B. megaterium strain MB1, 18, 19) the MerP protein possesses vicinal cysteines, while that of Gram negative P. aeruginosa bacteria strains often contains two cysteines separated by two residues, since the position of the cysteine residues in the binding loop can affect selectivity in heavy metalbinding. 20) The characteristics and functions of the MerP protein from Gram-negative bacteria have been well studied, while MerP from Gram-positive bacteria remains to be characterized. Two heterogeneous merP genes were examined in this study to determine their potential for bioremediation of mercury.
Materials and Methods
Construction of recombinant plasmids. Two kinds of merP genes were used in this examination, one from the Gram-positive bacterium Bacillus megaterium MB1, 18, 19) and the other from the Gram-negative bacterium Pseudomonas aeruginosa K-62. 21) Two sets of primers were designed for each of the two merP genes to perform polymerase chain reaction (PCR). Primers BmerPF (5 0 -CATATGATGTTGCTATCCCTTATGCT-AG-3 0 ) and BmerPR (5 0 -GGATCCTTATTCGACGGG-GAGACCCAAGT-3 0 ) were used for B. megaterium MB1, and primers PmerPF (5 0 -CATATGAAGAAAC-TGTTTGCCTCCCTTG-3 0 ) and PmerPR (5 0 -GGATC-CTTACTTCTTCAGCTCAGATGGGT-3 0 ) were used for P. aeruginosa K-62. Both sets contained a NdeI site on forward primers, and the reverse primers contained a BamHI site. Plasmid pET-21b(+) was chosen to express the two MerP proteins, and the original stop codons from both genes were included to avoid fusion of the His-tag tail. The resulting plasmids were designated pETBmerP for the plasmid harboring the B. megaterium MB1 merP gene, and pETPmerP for the plasmid harboring the P. aeruginosa K-62 merP gene. pET-21b(+) and two constructed plasmids were then transformed into E. coli BL21 (DE3) pLysS. The host and recombinant strains were denoted BL21, BL21 (pET21b), BL21 (pETBmerP), and BL21 (pETPmerP).
Expression of MerP proteins in recombinant bacteria.
Four bacteria strains were grown in Luria-Bertani (LB) broth at 37 C with 50 mg/ml ampicillin to an optical density of 600 nm (OD 600 ) about 0.6, and then were induced with 1 mM isopropyl D-thiogalactopyranoside (IPTG) for 6 h. Cells were harvested for further tests.
Immunoblot analysis. Bacteria cells were disrupted by enzymatic digestion in lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 1 mg/ml lysozym) at 37 C for 1.5 h and then disrupted by sonication. The lysate was centrifuged at 4 C, at 10;000 Â g for 10 min to remove unbroken cells. The supernatants were then centrifuged at 4 C, at 30,000 rpm in a P40ST rotor (Hitachi, Tokyo) for 30 min. Supernatant from this centrifugation step was considered soluble lysate, and the pellet was resuspended in 500 ml membrane resuspension buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 20 mg/ml Triton X-100) and considered the membrane fraction. Bacterial proteins, cytosol/periplasm, and membrane fractions from wild-type and recombinant bacteria separated by 18% tricine SDS-PAGE gel were then transferred to an immobilon-P SQ transfer membrane (Millipore, Bedford, Mass). Polyclonal antibody serum, anti-B95P serum, was from a rabbit immunized with B95P (the truncated first 21 amino acids of the BMerP). For reducing non-specific antibody, the serum was mixed with crude proteins of BL21. This mixture served as the first antibody. The second antibody was alkaline phosphatase-conjugated affinipure goat anti-rabbit IgG-(H+L) (Jackson Immuno Research Laboratories, Bremen, Germany). Transferred proteins were specifically visualized with BCIP/NBT Substrate Solution (Perkin Elmer Life Science Products, Boston, MA).
Disc assay of heavy metal resistance. The bacterial strains were adjusted to the same OD 600 and suspended in 150 ml LB after they were harvested. Each strain culture received an application of 20 ml of 0.1 M IPTG on ampicillin (50 mg/ml) contained LB plates. Each disc (Creative microbiologicals, Taiwan) on the same plate was received an application of 20 ml of 1,000 ppm Cd 2þ , Zn 2þ , Pb 2þ , and Cu 2þ , and 500 ppm Hg 2þ . The diameters of the various inhibited zones were measured randomly with four repeats after overnight incubation at 37 C. The trend of the result was confirmed.
Growth inhibition assay. BL21, BL21 (pETBmerP), and BL21 (pETPmerP) cultured overnight were inoculated into 5 ml LB with 1 mM IPTG, 5 mM Tris buffer, pH 7.0, and Hg 2þ concentrations of 0, 5, 10, 15, 20, 25, 30, 40, 50, and 60 mM. No ampicillin was added to BL21 culture. The OD 600 were measured for their growth profile.
Measurement of mercury adsorption. After induction by IPTG, the cultures were washed with 0.1 M Tris buffer (pH 7.0) twice. A culture volume equivalent to 2 mg dry-weight was re-suspened with 0.5 ml 0.2 M Tris buffer, and equal volume of 20 or 50 mM HgCl 2 solution was added. The solution was poured into a 1.5 ml tube and mixed with a rotary shaker at 37 C for 2.5 h. After centrifugation, the concentration of mercury remaining in the supernatant was determined with a Cold Vapor Atomic Absorption Spectrometer (Buck Scientific, Model 400A Mercury Analyzer, Norwalk, Cincinnati). For assay of mixed heavy metals, the procedure was the same except that the heavy metal solution contained 20 mM Hg 2þ , Cd 2þ , Pb 2þ , Zn 2þ , Cu 2þ , and Ni 2þ ions.
Results

Location of BMerP expressed in E. coli
MerP from Gram-negative bacterial mer operon is known as a periplasmic protein, but there is no periplasmic space in Gram-positive bacteria. It is important to determine where BMerP is expressed in E. coli, and immunoblot analysis was performed. As shown in Fig. 1 , no MerP signal in BL21 or BL21 (pET21b) from lane A to D was detected. But MerP protein from Bacillus was detected in the membrane fraction of E. coli.
Disc assay of heavy metal resistance
The results of the disk assay of heavy metal resistance by recombinant bacteria are shown in Fig. 2 . The diameters of the resistance halos of BL21 (pETBmerP) and BL21 (pETPmerP) showed a 10% reduction in 500 ppm Hg 2þ and a 7% reduction in 1,000 ppm Zn 2þ by comparison with BL21 (Fig. 2) . These results clearly indicate that expression of merP genes from both B. megaterium MB1 and P. aeruginosa K-62 promotes resistance to mercury. Besides mercury, the resistance level to zinc was also promoted, but the effect of merP expression promotes resistance to zinc less effectively than to mercury. On the other hand, even at higher concentrations, the diameters of halos formed by Cu 2þ , Pb 2þ , and Cd 2þ did not show any obvious difference.
Growth inhibition assay
Growth inhibition by Hg 2þ in liquid LB cultures (Fig. 3) confirmed that strains producing MerP were more resistant to Hg 2þ . The control strain, BL21, did not grow in 20 mM HgCl 2 , and showed intermediate growth between 10 mM and 20 mM HgCl 2 , while BL21 (pETBmerP) and BL21 (pETPmerP) grew at above 30 mM HgCl 2 . These results coincide with the tendency obtained from disc assay and confirm that host strains harboring both merP genes have better resistance to mercury than do control bacteria.
The mercury adsorption capability of recombinant strains
The mercury adsorption capabilities of recombinant strains are shown in Fig. 4 . When treated with 10 mM HgCl 2 , almost all of the mercury ions were absorbed by recombinant strains (99.7%), while the control strain reached 92.4%. These results show that recombinant strains with merP genes showed higher Hg 2þ absorption capability. When treated with 25 mM Hg 2þ , strain BL21 (pETBmerP) improved significantly, with a 27% increase in mercuric ion adsorption capacity, and performed 16% better than strain BL21 (pETPmerP).
On the other hand, strain BL21 (pETBmerP) showed better mercury adsorption capability than the control strain or strain BL21 (pETPmerP) when six kinds (Hg 2þ , Zn 2þ , Cu 2þ , Pb 2þ , Cd 2þ , and Ni 2þ ) of heavy metals coexisted (Fig. 4) . Comparatively, the adsorption capacity Bacterial cells equalized to 2 mg dry-weight were mixed in the 1 ml of heavy metal solution in 1.5 ml microtube at 37 C for 2.5 h. The initial concentration of the heavy metals are 10 mM Hg 2þ ( ), 25 mM Hg 2þ ( ), and the mixture solution of these six kinds of heavy metals (10 mM Hg 2þ , Cu 2þ , Pb 2þ , Zn 2þ , Cd 2þ , and Ni 2þ ) ( ). After centrifugation, each concentration of mercury remained in the supernatant was determined, and the reduction ratio of mercury for each kind of strain were shown.
of the BL21 (pETPmerP)-harboring strain decreased. In addition to the results of the mercury adsorption assay, it is possible that bacteria with the BmerP gene are better than those with the PmerP gene in mercury binding ability and selectivity.
Discussion
There was only 27% identity between the two proteins by the protein alignment of BMerP and PMerP (Fig. 5) . There can be a great deal of difference between two proteins due to the basic difference between Grampositive and Gram-negative bacterial cell surface. In contrast to the well known PMerP, there is a long way to go to understand the function and characteristics of BmerP. The results from disc assay and growth inhibition assay clearly showed that expression of a single membrane component MerP protein of the mer operon from either Bacillus or Pseudomonas enhances resistance to mercury. Although the amount of mercury dropped in the disc assay was far less than those other heavy metals, the resistance halos produced by mercury were larger than those of the others. This might be due directly to the absence of a mercury resistance system in E. coli, while the existence of cation-transporting P-type ATPases 22, 23) in E. coli may cause background resistance to the other tested heavy metals. It has been found that co-expression of the merT and merP genes in the absence of other mer operons yields a mercury-supersensitive phenotype, 24) and it is interesting that overexpression of a single merP gene can highly enhance the mercury resistance level. Our results also agree with the suggestion that PMerP functions as a sponge absorbing and to compartmentalizing the toxic mercuric ion from other periplasmic proteins. [12] [13] [14] [15] Since the expression of MerP proteins was almost at the same level (data not shown), the different performance in mercury absorption ability of the two heterogeneous MerP proteins may due to differences in their mercuric ion binding motifs. The common mercuric ion binding motif of MerP from Gram-positive bacteria is GMDCCPP, 25) while that of Gram-negative bacteria is GMDCAACP. 26) Since the cysteins inside the motif play major roles in ion binding by forming S-Hg bonds, 16, 27) the different positions of the cysteines are the most likely reason affecting the binding characteristics of these heterogeneous MerP proteins. In fact, studies of the metal-binding affinities of synthetic peptides with sequences derived from the motif have been made, and the results show that peptides with vicinal cysteine residues binds mercury ions with very high selectivity. 20) The relationship between metal selectivity and where the cysteine residues occur in a peptide chain is a fascinating topic for further study.
Without any modification, it is interesting that BMerP can be found in the membrane portion of E. coli. We also found that truncated BMerP without its first 21 amino acids was expressed only in the cytosol (data not shown). The location of MerP in the Bacillus host was also found in the membrane (data not shown), and so we suggest that MerP use the N-terminal domain to anchor itself to the outside of the cytosol. In fact, in the BmerP transgenic plant also, the expressed MerP was found on the membrane of the plant cell (data not shown). Since maximal bioaccumulation of metals occurs with expression of metal binding proteins outside the cytosol, 6, 7) BMerP shows great potential for application in bioremediation.
